Introduction {#cesec10}
============

Robust evidence exists to support seasonal influenza vaccination of pregnant women.[@bib1] Randomised controlled trials have shown the efficacy of seasonal trivalent inactivated influenza vaccine during pregnancy in reducing influenza illness in pregnant women and their infants.[@bib2], [@bib3], [@bib4], [@bib5] The only randomised controlled trial to date to assess efficacy of influenza vaccination during pregnancy in protecting infants born to women living with HIV was done in South Africa in 2011.[@bib5] This study, although not powered for efficacy, did not find that newborn infants exposed to HIV had any vaccine-induced protection (vaccine efficacy 26·7%, 95% CI −132·0 to 76·8), possibly due to the modest immune response to inactivated influenza vaccine in pregnant women living with HIV.[@bib5]

In South Africa, after vaccination, pregnant women living with HIV had lower titres of hemagglutination-inhibition antibodies and lower rates of seroconversion (41% *vs* 92%, to at least one vaccine strain) than did those without HIV.[@bib6] Although transplacental antibody transfer was similar in the women with and without HIV for two of the three vaccine strains conatined in the vaccine, because of the lower concentration of antibodies after vaccination among the women with HIV, their newborn babies had lower haemagglutination-inhibition antibody titres at birth, and were less likely to have haemagglutination-inhibition titres of 1/40 or higher (putative relative correlate of protection), than the newborn babies of women without HIV (range 43--79% of babies exposed to HIV *vs* 82--95% of babies not exposed to HIV for the different vaccine strains).[@bib6]

Research in context**Evidence before this study**Four randomised clinical trials have shown that vaccination of pregnant women against influenza reduces the risk of influenza illness in their infants during the first 6 months of life. However, the only trial that assessed vaccine efficacy among infants born to women living with HIV in South Africa did not detect a protective effect in this group. The lack of vaccine efficacy in infants exposed to HIV might be related to the reduced immune response to vaccination in pregnant women living with HIV. We searched PubMed for publications in English up until May 1, 2019, with no start date restriction using the terms "maternal influenza vaccination HIV", "maternal influenza immunization HIV", "pregnancy influenza vaccination HIV", and "pregnancy influenza immunization HIV". We found only one study that described immunogenicity in pregnant women with HIV and the antibody levels of their infants after two doses of inactivated A/H1N1/2009 pandemic monovalent vaccine (two doses of 30 μg) during pregnancy. That study reported that a two double doses regimen was moderately immunogenic and that seroprotective titres were present in 67% of mothers and 65% of infants at delivery. After the second dose, only a slight improvement in seroprotection was seen. We did the present analysis to assess if increasing the vaccine antigen content or administration of a second dose of vaccine would improve the immunogenicity of trivalent inactivated influenza vaccine in pregnant women living with HIV and the protection of their infants against influenza infection compared with a standard single dose of vaccination.**Added value of this study**To our knowledge, this is the first randomised clinical trial that has measured the immunogenicity, safety, and efficacy of three different schedules for trivalent inactivated influenza vaccine dosing in pregnant women living with HIV. We found that a double dose of inactivated influenza vaccine had moderately improved immunogenicity in pregnant women living with HIV, although no difference was observed in the incidence of symptomatic influenza in the women or their infants.**Implications of all the available evidence**Despite lower antibody responses to influenza vaccination in individuals living with HIV than in previous studies in those without HIV, we found that vaccine efficacy supports the continued vaccination of this vulnerable population. However, continued research is needed to find improved influenza vaccines for pregnant women living with HIV to improve protection of their infants.

The randomised controlled trials in South Africa also revealed a higher incidence of PCR-confirmed influenza in women with HIV than in women without, both in those given placebo (17·0% *vs* 3·6%) and those given vaccine (7·0% *vs* 1·8%).[@bib5] However, overall vaccine efficacy against PCR-confirmed influenza was similar in women living with HIV (57·7%) and those without HIV (50·4%).[@bib5] Several other studies have also reported lower haemagglutination-inhibition antibody responses to inactivated influenza vaccine in individuals living with HIV than in the general population, although with some conflicting results.[@bib7], [@bib8], [@bib9], [@bib10]

Considering the decreased immunogenicity of standard-dose influenza vaccines in individuals living with HIV, different vaccines or vaccination strategies, such as use of adjuvants, an extra dose of vaccine, or a high-dose inactivated influenza vaccine containing 60 μg of antigen per strain, have been assessed to improve immune response to seasonal vaccines and the 2009 pandemic A/H1N1 monovalent vaccines.[@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17] Adjuvanted vaccines and high-dose inactivated influenza vaccines elicited increased haemagglutination-inhibition titres and improved seroresponse rates in individuals living with HIV compared with standard doses, but responses were still inferior compared with adults without HIV receiving standard doses of vaccine.[@bib11], [@bib12] Furthermore, a second vaccine dose did not consistently increase haemagglutination-inhibition antibody responses.[@bib11], [@bib13], [@bib14], [@bib15], [@bib18]

We hypothesised that increasing the antigen content of a vaccine or administration of a second dose of vaccine would improve the immunogenicity of inactivated influenza vaccine in pregnant women with HIV and the protection of their infants against PCR-confirmed influenza compared with standard-dose inactivated influenza vaccine.

Methods {#cesec20}
=======

Study design and participants {#cesec30}
-----------------------------

In this double-blind, randomised, controlled trial, study staff screened pregnant women with documented HIV-1 infection for study participation at seven antenatal clinics in Soweto, South Africa. Soweto is an urban low-income setting with a predominantly black African population of an estimated 1·2 million people located in the outskirts of Johannesburg. HIV prevalence among pregnant women in Soweto has remained stable at 29% since 2009.[@bib19]

Pregnant women were eligible if they were aged 18--38 years, had an estimated gestational age of 12--36 weeks, and were able to understand and comply with the study protocol. Exclusion criteria included any features of WHO clinical category 3 or 4 of AIDS, having been given any other inactivated influenza vaccine during the current influenza season or received any live licensed vaccine in the past 28 days or an inactivated licensed vaccine in the past 14 days before the study. Full exclusion criteria are in the [appendix (p 2)](#sec1){ref-type="sec"}. We enrolled participants before the anticipated onset of the influenza season in South Africa. The 2013 South African influenza epidemic period was from April 22 to Oct 13.[@bib20]

The study was approved by the Human Research Ethics Committee of the University of the Witwatersrand (111114) and done in accordance with Good Clinical Practice guidelines. Mothers provided written informed consent for themselves and their infants. The study protocol is available in the [appendix (pp 10--70)](#sec1){ref-type="sec"}.

Randomisation and masking {#cesec40}
-------------------------

Participants were randomly assigned (1:1:1) to receive treatment with a single dose of inactivated influenza vaccine followed by placebo (single-dose group), a double dose of inactivated influenza vaccine followed by placebo (double-dose group), or two single doses of inactivated influenza vaccine (two-single-doses group). The second injection for each group was given 1 month after the first injection.

An unmasked study statistician created computer-generated randomisation lists in blocks of 30, with ten blocks in each group (single-dose group, double-dose group, and two-single-doses group), with assignment of consecutive four-digit study numbers to the randomisation list. The randomisation forms were preprinted with the four-digit study numbers and an alphabetical and colour code for vaccine and placebo. Participants were allocated consecutive study numbers in order of enrolment at each study clinic. Participants and study personnel were masked to group allocation. Study medication was prepared by an unmasked pharmacist in syringes filled with either saline or inactivated influenza vaccine as per randomisation and labelled as dominant and non-dominant, and study nurses who enrolled the participants selected syringes matching the codes reflected in the randomisation form ([appendix p 3](#sec1){ref-type="sec"}). The pharmacist and study statistician were not involved in participant follow up.

Procedures {#cesec50}
----------

Participants were given a commercially produced influenza vaccine (Vaxigrip; Sanofi-Pasteur, Lyon, France) that contained 15 μg of A/California/7/2009 (A/H1N1pdm09), A/Victoria/361/2011 (A/H3N2), and B/Wisconsin/1/2010 (Yamagata-lineage), as [recommended](https://www.who.int/influenza/vaccines/virus/recommendations/2013_south/en/){#interrefs30} for the southern hemisphere in 2013. Vaxigrip was approved in South Africa for use as a single dose in adults. The study pharmacist prepared inactivated influenza vaccine or sterile 0·9% normal saline solution (placebo) in identical syringes; the two preparations were visually indistinguishable. At enrolment (visit 1), all participants received two injections: inactivated influenza vaccine and placebo were given to the single-dose and two-single-doses groups, one in each arm, with inactivated influenza vaccine given in the non-dominant arm; and one dose of inactivated influenza vaccine was given in each arm of the participants in the double-dose group (ie, 30 μg of antigen per strain). 1 month later (visit 2), all participants received a single injection on their non-dominant arm, with the single-dose and double-dose groups both given placebo, and the two-single-doses group given another dose of inactivated influenza vaccine.

Participant follow-up was done at the Respiratory and Meningeal Pathogens Research Unit, Soweto, South Africa. We tested immune responses on plasma samples collected from the women immediately before the first injection at visit 1, 1 month after the first injection and immediately before the second injection at visit 2, and 1 month after the second injection at visit 3. We also collected blood within 7 days of birth from the women and their neonates. After review of maternal haemagglutination-inhibition antibody titres, and that no differences were detected between the single-dose and two-single-doses groups, we made a post-hoc decision to analyse only infant blood collected from infants in the single-dose and double-dose groups. Haemagglutination-inhibition antibodies were measured as described previously.[@bib5], [@bib21]

We did weekly active surveillance by home visit or telephone call from the time of enrolment through to 24 weeks post partum in mothers and infants for influenza-like illness. The criteria for diagnosing influenza-like illness in the women were onset in the past 7 days of symptoms including: a fever of 38·0°C or higher on oral measurement or history of chills, rigors, or feeling feverish; presence of cough, sore throat, or pharyngitis; presence of myalgia, arthralgia, or headache; or presence of dyspnoea, breathing difficulty, or chest pain when breathing. Criteria used for diagnosing influenza-like illness in infants were any of the following: axillary temperature of 37·8°C or higher or mother\'s perception that an infant was feverish, or both, without evidence of a non-respiratory localised source, coupled with at least one sign or symptom of acute respiratory illness in the past 72 h; or at least two signs or symptoms of acute respiratory illness in the past 72 h. Signs or symptoms of acute respiratory illness were respiratory rate of 60 or more breaths per min in infants aged 0--2 months and 50 or more breaths per min in infants aged 2--6 months and difficulty breathing reported by the mother, cough, wheezing, runny or congested nose, cyanosis or oxygen saturation below 90% on room air, chest wall in-drawing, grunting on expiration, and pus draining from either ear. Women and infants identified as having influenza-like illness during surveillance visits had respiratory secretions collected within 72 h of illness identification that were tested by influenza PCR. We also investigated by influenza PCR, participants who were admitted to hospital and who had unsolicited study clinic visits due to respiratory illness. Details on sample collection, influenza diagnostic and subtyping by PCR have been described previously.[@bib5]

For routine assessment of reactogenicity and safety, the investigator (usually study nurse) observed each participant for 30 min after each injection to monitor immediate adverse events. Additionally, participants were provided with a diary card to document solicited local and systemic reactions for 7 days after each vaccination visit. For injection site reactions, severe reactions were defined as follows: severe tenderness as severe pain in the injected limb that increases when moved or when the movement was reduced, severe redness as redness in an area of 100 mm or larger in size, severe swelling as swelling in an area of 100 mm or larger in size, severe hardness as a large lump being felt wider than half the arm width, severe bruising as a bruise larger than 25 mm in size, and severe itching as itching that requires soothing cream. For systemic reactions, severe reactions were defined as severe weakness or tiredness as being unable to do normal activities during the day, severe headache as a headache requiring medication and being unable to do normal activities during the day; severe fever as an axillary temperature of 39·4°C or higher, and severe joint or muscle pain as severe aching that required medication and that restricted activity. Serious adverse events were collected throughout the study until 24 weeks post partum in women and infants.

Outcomes {#cesec60}
--------

The coprimary study objectives were to assess the relative immunogenicity of a double dose and two single doses of inactivated influenza vaccine compared with a single dose of inactivated influenza vaccine in pregnant women living with HIV to each of the three vaccine strains, and to assess the relative safety of the three dosing schedules. The primary outcome was the seroconversion rate to each of the vaccine strains in mothers 1 month after completion of the dosing schedule.

Secondary objectives reported here were to compare the proportion of neonates born to women in the double-dose group with haemagglutination-inhibition titres of 1/40 or higher at age 7 days or younger (individually for each of the three vaccine strains) with the proportion in the single-dose group, to assess the relative efficacy of the double-dose and two-single-doses regimens compared with the single-dose regimen against PCR-confirmed influenza among the women and their infants until 24 weeks post partum. Additional secondary objectives ([appendix p 3](#sec1){ref-type="sec"}) will be reported in the second half of 2020.

Criteria for interpreting haemagglutination-inhibition results included titres of 1/40 or higher as putative measures of relative seroprotection and seroconversion if a four-fold or higher titre increase occurred from baseline to after vaccination with haemagglutination-inhibition antibody titres of 1/40 or higher after vaccination.

Primary safety outcomes were the frequency of solicited local and systemic reactions after a single vaccine dose, a double vaccine dose, or two single doses.

Statistical analysis {#cesec70}
--------------------

We powered the sample size at 80% with a two-tailed significance level of 0·05 to detect a 30% or higher difference in the proportion of pregnant women living with HIV who seroconverted in the double-dose group or the two-single-doses group, compared with the single-dose group. On the basis of results from our previous study on immune responses to a single dose of inactivated influenza vaccine[@bib5], we estimated that approximately 44% of women in the single-dose group would have haemagglutination-inhibition antibody titres of 1/40 or higher and a four-fold or higher increase in titres to the least immunogenic strain in the vaccine. The sample size required was 789 women (ie, 263 in each group).

We only included women in the immunogenicity analysis if their vaccination visits were 28--35 days apart and if blood samples were collected 28--35 days after the second injection for those in the two-single-doses group. We only included infants in the immunogenicity analysis if blood samples were collected in the first 7 days of life and if they were born at least 28 days after maternal immunisation. We compared proportions with χ^2^ or Fisher\'s exact tests and demographic continuous variables with Student\'s *t* test or the Mann-Whitney test. We estimated geometric mean titres and corresponding 95% CIs by use of logarithmic transformation and compared these between study groups using Student\'s *t* test. We calculated relative vaccine efficacy against first episode of PCR-confirmed influenza in the intention-to-treat population with the formula (1--I~sg~)/I~SD~, where I~sg~ is the incidence of cases in the double-dose or two-single-doses group, and I~SD~ is the incidence of cases in the single-dose group, and we calculated 95% CIs and we tested between-group differences.

The safety analysis set comprised participants who received at least one dose of vaccine. After the first vaccination, we compared the reactions of women who had been given a single dose of vaccine (the single-dose and two-single-doses groups) with those who had been given a double dose (double-dose group), and after the second vaccination we compared women who had received placebo in the single-dose group only with those who had been given another dose of vaccine (the two-single-doses group). We present safety data as incidences with 95% CIs. We did descriptive analyses for the number of maternal, infant, and fetal deaths, and maternal and infant admissions to hospital.

We considered p values of less than 0·05 to be significant. We collected and managed study data using Research Electronic Data Capture (REDCap).[@bib22] We did all analyses using STATA version 12.1 (College Station, TX, USA). The study was registered at [ClinicalTrial.gov](http://ClinicalTrial.gov){#interrefs40}, [NCT01527825](NCT01527825){#interrefs50}.

Role of the funding source {#cesec80}
--------------------------

The funder of the study had no role in the study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.

Results {#cesec90}
=======

Between Feb 11, and June 6, 2013, we enrolled 800 black African pregnant women living with HIV who were randomly assigned to the single-dose group (n=266), double-dose group (n=265), or two-single-doses group (n=269; [figure](#fig1){ref-type="fig"}). Delivery outcomes were established for 774 (97%) of 800 women, including 30 twin pregnancies and one woman in the single-dose group who had a therapeutically indicated medical termination of pregnancy at 25 weeks of gestation (75 days after enrolment). The first infant in the study was born on Feb 22, 2013. 782 livebirths occurred, 136 (17%) of 781 were preterm births (one baby had missing information), 155 (20%) of 779 neonates had a birthweight of less than 2500 g, and eight (1%) of 681 were infected with HIV. No differences were observed between the three study groups in demographic characteristics, pregnancy outcomes, and birth characteristics of their neonates ([table 1](#tbl1){ref-type="table"}). The mean time between the first injection and delivery was 99·6 days (SD 44·8); 145 (19%) women delivered fewer than 28 days after the second injection visit, including 30 who delivered fewer than 28 days after the first injection visit.FigureTrial profile for mothers (A) and their infants (B)Visit 1 is the enrolment and first injection visit, visit 2 is the second injection visit, and visit 3 is the visit 1 month after the second injection. HAI=hemagglutination-inhibition antibody.Table 1Maternal demographic and clinical characteristics at time of enrolment and delivery outcomes**Single-dose group (n=266)Double-dose group (n=265)Two-single-doses group (n=269)Total population (n=800)Demographic and clinical characteristics**Age, years28·8 (5·0)29·0 (4·8)28·4 (4·9)28·7 (4·9)Gestational age at enrolment, weeks23·4 (6·0)24·2 (6·1)23·8 (5·6)23·8 (5·9)Primigravida women30 (11%)40 (15%)31 (12%)101 (13%)CD4 count within 2 weeks of enrolmentn257255263775Mean, cells per μL458·7 (260·5)463·9 (256·5)454·4 (227·6)459·0 (248·2)\<350 cells per μL99/257 (39%)91/255 (36%)98/263 (37%)288/775 (37%)HIV viral load within 2 weeks of enrolmentn245243249737Median, copies per mL[\*](#tbl1fn1){ref-type="table-fn"}4918 (475--34 863)7298 (511--32 360)5152 (711--28 486)6066 (524--33 044)\<40 copies per mL65/245 (27%)59/243 (24%)72/249 (29%)196/737 (27%)Antiretroviral therapy at enrolment248/263 (94%)250/262 (95%)256/267 (96%)754/792 (95%)On antiretroviral therapy for ≥30 days129/255 (51%)126/255 (49%)143/265 (54%)398/775 (51%)**Delivery outcomes**Known delivery outcome262 (98%)[†](#tbl1fn2){ref-type="table-fn"}253 (95%)259 (96%)774 (97%)[†](#tbl1fn2){ref-type="table-fn"}Number of twin pregnancies9/262 (3%)12/253 (5%)9/259 (3%)30/774 (4%)Days between first injection and delivery[‡](#tbl1fn3){ref-type="table-fn"}102·9 (45·9)96·9 (45·6)98·8 (42·8)99·6 (44·8)Delivered \<28 days after first injection[‡](#tbl1fn3){ref-type="table-fn"}9/262 (3%)8/253 (3%)13/259 (5%)30/774 (4%)Delivered \<28 days after second injection[‡](#tbl1fn3){ref-type="table-fn"}47/262 (18%)54/253 (21%)44/259 (17%)145/774 (19%)Birth outcomes known270[†](#tbl1fn2){ref-type="table-fn"}[§](#tbl1fn4){ref-type="table-fn"}265268[¶](#tbl1fn5){ref-type="table-fn"}803[†](#tbl1fn2){ref-type="table-fn"}[§](#tbl1fn4){ref-type="table-fn"}Fetal deaths5/270 (2%)5/265 (2%)11/268 (4%)21/803 (3%)Livebirths265260257782Births \<37 weeks of gestation[\|\|](#tbl1fn6){ref-type="table-fn"}48/264 (18%)38/260 (15%)50/257 (19%)136/781 (17%)Birthweight, kg[\|\|](#tbl1fn6){ref-type="table-fn"}2·9 (0·6)2·9 (0·6)2·9 (0·6)2·9 (0·6)Neonates with \<2500 g birthweight[\|\|](#tbl1fn6){ref-type="table-fn"}52/263 (20%)53/260 (20%)50/256 (20%)155/779 (20%)Infants exclusively breastfed at birth visit103/247 (42%)103/235 (44%)96/239 (40%)302/721 (42%)[^3][^4][^5][^6][^7][^8][^9]

Before the first injection, haemagglutination-inhibition antibody geometric mean titres were similar across the three study groups for the three vaccine strains. Also, similar proportions of women in all groups had haemagglutination-inhibition titres of 1/40 or higher for any of the three vaccine strains ([Table 2](#tbl2){ref-type="table"}, [Table 3](#tbl3){ref-type="table"}), except for a higher proportion of women in the two-single-doses group for A/H3N2 (p=0·023).Table 2Immune responses in pregnant women living with HIV and antibody levels in their infants, in the single-dose and double-dose groups**A/H1N1pdm09A/H3N2B/Yamagata**Single-dose groupDouble-dose groupp valueSingle-dose groupDouble-dose groupp valueSingle-dose groupDouble-dose groupp valueMothers[\*](#tbl2fn1){ref-type="table-fn"}230230··230230··230230··HAI GMTs at baseline9·6 (8·5--10·9)9·5 (8·4--10·8)0·9211·8 (10·5--13·3)13·3 (11·7--15·1)0·195·9 (5·6--6·2)6·1 (5·7--6·5)0·39HAI GMTs at 28--35 days after visit 1[†](#tbl2fn2){ref-type="table-fn"}39·5 (33·1--47·1)60·8 (51·2--72·2)0·00137·8 (32·3--44·1)52·7 (45·4--61·1)0·00313·0 (11·6--14·5)16·6 (14·7--18·8)0·004HAI ≥1/40 at baseline33 (14%)29 (13%)0·5934 (15%)50 (22%)0·0534 (2%)4 (2%)1·0HAI ≥1/40 at 28--35 days after visit 1142 (62%)171 (74%)0·004131 (57%)163 (71%)0·00246 (20%)71 (31%)0·007Seroconversion at 28--35 days after visit 1113 (49%)150 (65%)\<0·00195 (41%)120 (52%)0·01941 (18%)67 (29%)0·004Infants overall[‡](#tbl2fn3){ref-type="table-fn"}200197··200197··200197··HAI GMTs at age ≤7 days29·7 (24·7--35·5)38·5 (32·1--46·1)0·04623·3 (19·7--27·5)26·2 (22·3--30·9)0·3213·0 (11·7--14·4)14·4 (12·8--16·2)0·20HAI ≥1/40 at age ≤7 days99 (50%)118 (60%)0·03777 (39%)90 (46%)0·1532 (16%)37 (19%)0·47[^10][^11][^12][^13]Table 3Immune responses of pregnant women living with HIV in the single-dose and two-single-doses groups**A/H1N1pdm09A/H3N2B/Yamagata**Single-dose group (n=230)Two-single-doses group (n=220)p valueSingle-dose group (n=230)Two-single-doses group (n=220)p valueSingle-dose group (n=230)Two-single-doses group (n=220)p valueHAI GMTs at baseline9·6 (8·5--10·9)9·5 (8·4--10·8)0·7611·8 (10·5--13·3)12·5 (11·0--14·2)0·995·9 (5·6--6·2)5·9 (5·6--6·2)0·94HAI GMTs at 28--35 days after completion of full vaccine series[\*](#tbl3fn1){ref-type="table-fn"}[†](#tbl3fn2){ref-type="table-fn"}39·5 (33·1--47·1)46·7 (39·7--54·9)0·1737·8 (32·3--44·1)44·1 (37·5--51·9)0·1813·0 (11·6--14·5)15·5 (13·9--17·3)0·029HAI antibody ≥1/40 at baseline33 (14%)31 (14%)0·9434 (15%)51 (23%)0·0234 (2%)2 (1%)0·59HAI antibody ≥1/40 at 28--35 days after completion of full vaccine series[†](#tbl3fn2){ref-type="table-fn"}142 (62%)148 (67%)0·22131 (57%)145 (66%)0·05146 (20%)54 (25%)0·25Seroconversion at 28--35 days after first vaccination[†](#tbl3fn2){ref-type="table-fn"}113 (49%)115 (52%)0·5195 (41%)103 (47%)0·2441 (18%)50 (23%)0·20[^14][^15][^16]

1 month after the first injection, haemagglutination-inhibition antibody geometric mean titres increased in women in both the single-dose and double-dose groups but were higher in those in the double-dose group than in those in the single-dose group for all three strains ([table 2](#tbl2){ref-type="table"}). Similarly, 1 month after vaccination, seroconversion rates were higher in the double-dose group than in the single-dose group for all three strains ([table 2](#tbl2){ref-type="table"}). Furthermore, a higher proportion of women in the double-dose group had haemagglutination-inhibition titres of 1/40 or higher to each strain than did in the single-dose group (p≤0·019 for all comparisons; [table 2](#tbl2){ref-type="table"}).

200 infants born to mothers into the single-dose group and 197 infants born to mothers in the double-dose group at least 28 days after vaccination had blood samples collected within the first 7 days of life, with the mean time from birth to blood collection in infants being 3·3 days (SD 1·9) in both groups. We made a post-hoc decision to not analyse blood samples from infants in the two-single-doses group. Infants born to mothers in the double-dose group had higher haemagglutination-inhibition antibody geometric mean titres (p=0·046) and a higher proportion had titres of 1/40 or higher for A/H1N1pdm09 than did those born to mothers in the single-dose group (p=0·037). We saw no significant differences in haemagglutination-inhibition antibody geometric mean titres or the proportion of infants with titres of 1/40 or higher between the single-dose group and the double-dose group for A/H3N2 and B/Yamagata ([table 2](#tbl2){ref-type="table"}). Similar results were obtained when the 41 eligible preterm infants were excluded in a post-hoc analysis, except that the significant differences for A/H1N1pdm09 were no longer detected (data not shown). Additionally, we saw no difference in geometric mean titres and the proportion of infants with haemagglutination-inhibition antibody titres of 1/40 or higher between preterm and term infants overall and by study group (data not shown).

In mothers, haemagglutination-inhibition geometric mean titres were similar 1 month after the completion of the vaccination series between the single-dose and two-single-doses groups, except for higher geometric mean titres for B/Yamagata after the second dose in the two-single-doses group ([table 3](#tbl3){ref-type="table"}). 1 month after completion of full vaccination series, we saw no differences in the proportion of women with titres of 1/40 or higher or who had seroconverted between the single-dose and two-single-doses groups for any of the three vaccine strains ([table 3](#tbl3){ref-type="table"}). Notably, we saw no increase in haemagglutination-inhibition antibody geometric mean titres or the proportion of women with titres of 1/40 or higher 1 month after the second dose of vaccine in the two-single-doses group compared with 1 month after the first dose in this group ([appendix p 5](#sec1){ref-type="sec"}).

65 (8%) of 800 women had at least one episode of PCR-confirmed influenza, with two women, both in the single-dose group, having two distinct episodes by A/H1N1pdm09 and B/Yamagata more than 2 months apart. 42 PCR-confirmed influenza episodes were detected during pregnancy, with one woman having two episodes while pregnant. PCR-confirmed A/H1N1pdm09 was detected in 34 women, PCR-confirmed A/H3N2 in 22 women, and PCR-confirmed B/Yamagata in 12 women, including one woman in whom both A/H3N2 and B/Yamagata were co-detected. Three women, one in each study group, had PCR-confirmed episodes that were detected fewer than 14 days after the first vaccination visit; and an additional four women in the two-single-doses group had a PCR-confirmed influenza episode either before (n=2) or fewer than 14 days after (n=2) the second dose of vaccine. We saw no differences in the incidence of first episode of PCR-confirmed influenza between women in the single-dose group compared with the double-dose group (p=0·88) or the two-single-doses group (p=0·67) overall or by individual influenza strain ([table 4](#tbl4){ref-type="table"}).Table 4Relative efficacy of a double dose or two single doses compared with a single dose of vaccine against first episode of PCR-confirmed influenza in HIV-infected pregnant women and their infants until 24 weeks after birth**Single-dose groupDouble-dose groupRelative vaccine efficacyp valueTwo-single-doses groupRelative vaccine efficacyp value**Mothers266265····269····PCR-confirmed influenza21 (8%)20 (8%)4·4% (−72·2 to 46·9)0·8824 (9%)--13·0% (−98·0 to 35·5)0·67PCR-confirmed A/H1N1pdm0914 (5%)8 (3%)42·6% (−34·4 to 75·6)0·1912 (4%)13·6% (−83·2 to 59·3)0·70PCR-confirmed A/H3N24 (2%)8 (3%)--100·8% (−558·6 to 38·8)0·2610 (4%)--146·3% (−675·4 to 21·8)0·17PCR-confirmed B/Yamagata5 (2%)5 (2%)--0·4% (−242·7 to 70·6)0·992 (1%)60·4% (−102·1 to 92·3)0·25Infants265260····257····PCR-confirmed influenza6 (2%)5 (2%)15·1% (−174·9 to 73·8)0·9910 (4%)--71·9% (−366·0 to 36·6)0·28[^17]

23 PCR-confirmed episodes of influenza (seven of A/H1N1pdm09, five of A/H3N2, ten of B/Yamagata, and one B/Victoria) were recorded among 21 infants. Two infants in the two-single-doses group had two distinct episodes 2 or more months apart (one infant was infected by A/H3N2 and B/Yamagata and the other had two episodes of B/Yamagata infection at age 45 days and 94 days). We saw no differences in the incidence of PCR-confirmed influenza among infants in the single-dose group compared with the double-dose group (p=0·99) or the two-single-doses group (p=0·28; [table 4](#tbl4){ref-type="table"}).

The incidence of one or more local solicited reaction was greater in the double-dose group (47·*8*% in the non-dominant arm and 38·*8*% in the dominant arm) than in the single-dose and two-single-doses groups (38·1% non-dominant arm and 26*·7*% dominant arm; p≤0·010 for both), but we saw no difference in the proportion who had severe local reactions ([table 5](#tbl5){ref-type="table"}). However, women who were given a single dose of vaccine had a higher frequency of at least one severe solicited systemic reaction than did those given a double dose (p=0·022), mainly headache and weakness or tiredness ([table 5](#tbl5){ref-type="table"}). After the second injection, we saw no differences in solicited local and systemic reactions between women in the single-dose group and the two-single-doses group ([table 5](#tbl5){ref-type="table"}).Table 5Solicited local and systemic reactions during the first week after the first dose of vaccine and the second dose of vaccine or placebo in pregnant women living with HIV**First week after first vaccinationFirst week after second vaccination**Single-dose and two-single-doses groups (n=517)Double-dose group (n=255)p valueSingle-dose group (placebo; n=240)Two-single-doses group (n=238)p value**Non-dominant arm local injection-site reactions**TendernessAny24·6% (20·9--28·5)28·3% (22·8--34·2)0·2715·0% (10·7--20·2)18·5% (13·8--24·0)0·31Severe2·7% (1·5--4·5)1·6% (0·4--4·0)0·452·1% (0·7--4·8)0·4% (\<0·1--2·3)0·22RednessAny7·0% (4·9--9·5)7·8% (4·9--11·9)0·662·1% (0·7--4·8)3·4% (1·5--6·5)0·42Severe1·9% (0·9--3·5)2·0% (0·6--4·5)0·991·3% (0·3--3·6)0·4% (\<0·1--2·3)0·62SwellingAny8·3% (6·1--11·0)6·3% (3·6--10·0)0·322·9% (1·2--5·9)4·2% (2·0--7·6)0·45Severe1·7% (0·8--3·3)2·0% (0·6--4·5)0·781·7% (0·5--4·2)0·4% (\<0·1--2·3)0·37HardnessAny19·9% (16·6--23·6)22·0% (17·0--27·5)0·5111·7% (7·9--16·4)15·6% (11·2--20·8)0·22Severe2·1% (1·1--3·8)1·2% (0·2--3·4)0·572·1% (0·7--4·8)0·4% (\<0·1--2·3)0·22BruisingAny12·4% (10·0--15·5)9·8% (6·4--14·1)0·298·8% (5·5--13·1)9·2% (5·9--13·7)0·85Severe0·8% (0·2--2·0)0·8% (\<0·1--2·8)1·00·4% (\<0·1--2·3)01·0ItchingAny19·0% (15·7--22·6)22·8% (17·7--28·4)0·2212·5% (8·6--17·4)13·0% (9·0--18·0)0·86Severe1·9% (0·9--3·5)0·4% (\<0·1--2·2)0·1100·8% (0·1--3·0)0·50At least one local reactionAny38·1% (33·9--42·4)47·8% (41·6--54·1)0·01023·8% (18·5--29·6)28·2% (22·5--34·3)0·27Severe6·6% (4·6--9·1)4·7% (2·5--8·1)0·304·2% (2·0--7·5)1·7% (0·5--4·2)0·17**Dominant arm local injection-site reactions**TendernessAny19·5% (16·2--23·2)22·0% (17·0--27·5)0·43······Severe1·4% (0·1--2·5)1·2% (0·2--3·4)0·99······RednessAny4·5% (2·8--6·6)6·3% (3·6--10·0)0·28······Severe0·6% (0·1--1·7)2·4% (0·9--5·0)0·066······SwellingAny4·1% (2·5--6·1)6·3% (3·6--10·0)0·18······Severe0·8% (0·2--2·0)2·0% (0·6--4·5)0·17······HardnessAny14·1% (11·2--17·4)18·0% (13·5--23·3)0·16······Severe0·8% (0·2--2·0)1·2% (0·2--3·4)0·69······BruisingAny9·3% (6·9--12·1)9·4% (6·1--13·7)0·95······Severe0·4% (0·1--1·4)01·0······ItchingAny12·8% (10·0--16·0)18·0% (13·5--23·3)0·050······Severe1·2% (0·4--2·5)1·2% (0·2--3·4)1·0······At least one local reactionAny26·7% (22·9--30·7)38·8% (32·8--45·1)0·001······Severe3·7% (2·2--5·7)5·1% (2·7--8·6)0·35······**Systemic reactions**Weakness or tirednessAny35·8% (31·6--40·1)34·9% (29·1--41·1)0·8127·5% (22·0--33·6)24·0% (18·7--29·9)0·38Severe6·0% (4·1--8·4)2·8% (1·1--5·6)0·0506·3% (3·5--10·1)2·9% (1·2--6·0)0·084HeadacheAny35·2% (31·1--39·5)32·6% (26·8--38·7)0·4730·0% (24·3--36·2)24·4% (19·1--30·3)0·17Severe6·0% (4·1--8·4)2·0% (0·6--4·5)0·0114·2% (2·0--7·5)2·5% (0·9--5·4)0·32FeverAny4·3% (2·7--6·4)1·6% (0·4--4·0)0·0573·8% (1·7--7·0)3·8% (1·7--7·1)0·99Severe0·8% (0·2--2·0)00·310·4% (\<0·1--2·3)0·8% (0·1--3·0)0·62Joint painAny19·5% (16·2--23·2)20·0% (15·3--25·4)0·8816·3% (11·8--21·5)11·8% (8·0--16·5)0·16Severe2·7% (1·5--4·5)1·2% (0·2--3·4)0·202·1% (0·7--4·8)1·3% (0·3--3·6)0·72Muscle painAny17·8% (14·6--21·4)21·2% (16·3--26·7)0·2618·3% (13·6--23·8)11·3% (7·6--16·1)0·032Severe2·3% (1·2--4·0)2·0% (0·6--4·5)1·02·1% (0·7--4·8)0·8% (0·1--3·0)0·45RigorsAny5·8% (3·9--8·2)5·5% (3·0--9·0)0·863·8% (1·7--7·0)3·8% (1·7--7·1)1·0Increased sweatingAny8·9% (6·6--11·7)7·1% (4·2--10·9)0·385·0% (2·6--8·6)7·6% (4·5--11·7)0·25At least one systemic reactionAny50·3% (45·9--54·7)52·9% (46·6--59·2)0·4942·9% (36·6--49·4)34·5% (28·4--40·9)0·058Severe10·4% (7·9--13·4)5·5% (3·0--9·0)0·0228·3% (5·2--12·6)5·5% (2·9--9·2)0·22[^18]

Four maternal deaths occurred during the study period (ie, until 24 weeks after delivery), one in the single-dose group, one in the double-dose group, and two in the two-single-doses group; none of these deaths were attibuted to the vaccine ([figure](#fig1){ref-type="fig"}; [appendix p 6](#sec1){ref-type="sec"}). 22 infant deaths occurred up to age 24 weeks, of which seven were in the single-dose group, 11 were in the double-dose group, and four were in the two-single-doses group ([figure](#fig1){ref-type="fig"}; [appendix pp 8--9](#sec1){ref-type="sec"}). None of the infant deaths were attributed to maternal vaccination. Furthermore, 21 fetal deaths occurred, 11 in women in the two-single-doses group (of which three occurred before the second vaccination visit), five in the single-dose group, and five in the double-dose group ([appendix p 7](#sec1){ref-type="sec"}). Four fetal deaths occurred within 14 days of maternal vaccination, one in the single-dose group and three in the two-single-doses group (two after the first dose and one after the second dose), and were consequently deemed possibly related to maternal vaccination. However, this association was only based on temporal associations to vaccination (adverse event within 14 days of vaccination), which was decided a priori. The three women (including one twin pregnancy) did not report any local or systemic reactions after vaccination that could indicate a causative effect of the vaccine ([appendix p 7](#sec1){ref-type="sec"}). We saw no differences in the proportion of maternal, infant, or fetal deaths, or infant birthweights between the single-dose group and the other two study groups ([table 1](#tbl1){ref-type="table"}).

Discussion {#cesec100}
==========

In pregnant women living with HIV, the use of a double dose of inactivated influenza vaccine slightly improved immunogenicity compared with a single dose, but at 1 month after vaccination fewer than 66% of women in the double-dose group seroconverted to the most immunogenic vaccine strain (ie, A/H1N1pdm09), which was lower than the 92% seroconversion seen in our 2011 cohort of pregnant women without HIV who were given a standard single dose of inactivated influenza vaccine.[@bib5] A second standard inactivated influenza vaccine dose did not improve the immune response in the current cohort of women. These results are in accordance with previous studies in non-pregnant women and men with HIV who had higher haemagglutination-inhibition antibody responses after high dose of inactivated influenza vaccine than after a single standard dose, but the responses were still inferior compared with those in adults without HIV.[@bib11], [@bib12] Furthermore, a second dose of vaccine did not consistently increase seroresponses in pregnant or non-pregnant individuals living with HIV.[@bib11], [@bib13], [@bib14], [@bib15], [@bib18]

Safety and immunogenicity of adjuvanted pandemic A/H1N1 vaccines have not been assessed in pregnant women with HIV, but immune responses in men and non-pregnant women living with HIV were higher with adjuvanted pandemic vaccines than with unadjuvanted pandemic vaccines.[@bib14], [@bib17] A systematic review assessing the immunogenicity of different influenza vaccine strategies among individuals living with HIV found that, for the A/H1N1 strains, booster doses of adjuvanted vaccines containing 7·5 μg of antigen and 60 μg of single-dose vaccine (high-dose inactivated influenza vaccine) strategies induced higher rates of seroconversion and seroprotection than did standard doses.[@bib23] The 60 μg single-dose vaccine also emerged as the most immunogenic formulation for influenza-B strains, although no single strategy was significantly more immunogenic than the standard dose for A/H3N2.[@bib23] To our knowledge, only one study to date has assessed immune response to two doses of a high dose (30 μg per dose) A/H1N1 monovalent vaccine in pregnant women living with HIV.[@bib18] In that report, the second high-dose injection only slightly improved the proportion of women with haemagglutination-inhibition antibody titres of 1/40 or higher (73% after the first dose and 80% after the second dose) and who seroconverted (66% after the first dose and 72% after the second dose).[@bib18]

Although our cohort was heterogeneous, the participants had weak haemagglutination-inhibition antibody immune responses after vaccination with the inactivated influenza vaccine despite having generally normal CD4 cell counts and a high proportion being on antiretroviral therapy (ART). Possible reasons for this observation include residual immune dysregulation affecting both T-cell and B-cell quantities and function, immune activation, and immunosenescence.[@bib24], [@bib25] Richardson and Weinberg[@bib10] showed that regulatory T cells have an important role in attenuating immune responses to inactivated influenza vaccine in pregnant women living with HIV, with high proportions of influenza-specific regulatory T cells being associated with both reduced haemagglutination-inhibition antibody titres and influenza-specific cell-mediated responses.

In addition to protecting the mothers against infection with influenza virus, another potential benefit of inactivated influenza vaccine during pregnancy is to prevent infection in the neonates.[@bib5] Although our study was not powered to detect vaccine efficacy in infants exposed to HIV the incidence of influenza was similar in the three study groups. In our previous randomised controlled trial[@bib5] infants born to mothers with HIV who had been given inactivated influenza vaccine had significantly higher haemagglutination-inhibition antibody titres than those born to mothers who had been given placebo, but titres were lower than in infants born to women without HIV who were given inactivated influenza vaccine. Compared with infants in the single-dose group, those in the double-dose group had increased haemagglutination-inhibition titres only for A/H1N1pdm09, but the titres and the proportion of infants with titres of 1/40 or higher against A/H1N1pdm09 were still lower than previously described for infants born to mothers without HIV who had been given a single dose of inactivated influenza vaccine (median geometric mean titre ranged from 41·8 to 93·3 and proportion with haemagglutination-inhibition titres of 1/40 or higher ranged from 60·0% to 81·1% for the three strains).[@bib5] In the current study, we only did haemagglutination-inhibition assays in blood samples collected from infants in the single-dose and double-dose groups. The decision to forego the comparison of haemagglutination-inhibition titres at birth between infants exposed to single-dose and two-single-doses of inactivated influenza vaccine was based on the lack of benefit of the second dose of inactivated influenza vaccine on maternal haemagglutination-inhibition titres. Furthermore, we assumed that 28 days from time of vaccination to birth was the ideal interval for efficient transplacental transfer of antibodies,[@bib26] and almost 20% of infants were born before this interval.

The three vaccination regimens were well tolerated among pregnant women, with fewer than 48% of participants having at least one solicited local injection-site reaction and fewer than 53% having at least one systemic reaction. Except for a higher incidence of local reactions in women in the double-dose group, the safety profile was similar in the double-dose and two-single-doses groups compared with the single-dose group. Four fetal deaths occurred within 14 days of receipt of inactivated influenza vaccine and were attributed as being possibly related to the vaccination only due to the temporal association because no reactogenicity was reported in these mothers after vaccination. The incidence of fetal deaths in the current study---ie, 26 per 1000 births, is similar to the incidence of stillbirths estimated in 2015 in Soweto with administrative databases (22·5 stillbirths per 1000 births).[@bib27] None of the infant deaths were attributed to maternal inactivated influenza vaccine vaccination.

Limitations of this report include that the study was done during the transition of prevention of mother-to-child HIV transmission management to option B+, such that some women with CD4 counts of 350 cells per μL or higher were still given zidovudine monotherapy during pregnancy. This fact raises the question of whether differential use of ART might influence antibody responses to vaccination. However, we have previously reported in a study of single-dose inactivated influenza vaccine in pregnant women before option B+, that plasma HIV viral load and use of ART at the time of vaccination were not associated with seroconversion 1 month after vaccination.[@bib6] Similarly, other studies in people with HIV before three-drug ART was available also showed that the CD4 count threshold below which antibody responses to inactivated influenza vaccine were compromised was 200 cells per μL.[@bib7], [@bib28] Women in this category were treated with three-drug ART in the current study. Collectively, these observations support the hypothesis that the effect of ART on antibody responses to the vaccine depends on the extent to which they promote immune reconstitution and the use of three-drug ART in the most immune-compromised women in the current study was more likely to have homogenised antibody responses to vaccination. Other study limitations were that only one influenza season was covered and a single inactivated influenza vaccine formulation was assessed at a single study site. Also, only 37% of participants had CD4 counts of less than 350 cells per μL. Although this low proportion prevents us from generalising our findings to a population with severe immunosuppression, it accurately represents the current landscape of HIV infection globally, in which individuals with HIV are treated earlier than in the past. By contrast, since only 27% of the women were virologically suppressed, a more in-depth analysis is needed to better understand the association between HIV viral load and immune responses to inactivated influenza vaccine. Another limitation was that only 397 (76%) of 525 infants were included in the analysis of haemagglutination-inhibition antibody titres on or before age 7 days, although they were distributed equally across study groups. Furthermore, the observed immunogenicity in the single-dose group was lower than anticipated in the sample size calculation, which could have affected the power of the study.

Despite lower humoral responses to influenza vaccination in individuals living with HIV, inactivated influenza vaccine is efficacious, and vaccination of this vulnerable population should continue.[@bib5], [@bib29] Nonetheless, the results for the current study show that doubling the dose of antigen or administration of a second dose of non-adjuvanted inactivated influenza vaccine did not increase the immunogenicity of the vaccine in women living with HIV to levels similar to those of women without HIV. These findings emphasise the need for continued efforts to find an improved influenza vaccine or vaccination strategy for this population to improve protection of their infants, such as exploring the use of high-dose inactivated influenza vaccine that is currently approved for older adults in pregnant women with HIV.[@bib30]

Data sharing {#cesec110}
============

De-identified individual participant data that underlie the results reported in this Article (text, tables, figures, and appendices) will be shared upon request. The data dictionary and study protocol are also available. Data will be available from 9 months after publication. Researchers who wish to use the data to address any specific questions not directly addressed under the study objectives and that the data would lend itself to and who provide a methodologically sound proposal that has been approved by an independent review committee can request the data. Proposals should be directed to <nunesm@rmpru.co.za> or <madhis@rmpru.co.za>. To gain access, data requestors will need to sign a data access agreement and any transfer of data will be governed by the terms of the local Ethics Committee. Data sharing will be done on a collaborative basis, with the study principal investigator (or their nominee) being included in any further interrogation of the data. The data will be provided in the format in which it has been entered at Respiratory and Meningeal Pathogens Research Unit with the necessary data dictionary.
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[^2]: Listed at the end of the Article

[^3]: Data are mean (SD), median (IQR), n (%), or n/N (%).

[^4]: Excludes participants with a viral load of \<40 copies per mL HIV.

[^5]: Excluding one woman who died while pregnant.

[^6]: Based on women with known delivery outcomes.

[^7]: Excluding one woman who had a therapeutically indicated medical termination of pregnancy.

[^8]: 14 birth outcomes occurred before second vaccination visit.

[^9]: Based on livebirths.

[^10]: Data are n, n (%), or GMTs with 95% CI in parentheses. GMTs=geometric means titres. HAI=haemagglutination inhibition antibody.

[^11]: Only women who attended the visits within the protocol-defined time periods were included.

[^12]: GMTs significantly higher than at baseline for all comparisons.

[^13]: Only infants born ≥28 days after their mothers had been vaccinated and with blood sample collected in the first 7 days of life were included.

[^14]: Data are n (%) and GMTs with 95% CI in parentheses. Only women who attended the visits within the protocol-defined time periods are included. GMTs=geometric means titres. HAI=hemagglutination inhibition antibody.

[^15]: GMTs significantly higher than at baseline for all comparisons.

[^16]: For single-dose group assessed at 28--35 days after first injection; for two-single-doses group assessed at 28--35 days after second injection.

[^17]: Data are n, n (%), or relative vaccine efficacy compared with single-dose group, with 95% CI in parentheses. Among mothers, the overall number of cases of PCR-confirmed influenza are lower than the sum of the individual strains because one woman in the double-dose group had a double infection with B/Yamagata and A/H3N2 and two women in the single-dose group had two different PCR-confirmed influenza infections, both women with A/H1N1pdm09 and B/Yamagata.

[^18]: Data are incidence with 95% CI in parentheses. Any reaction means all cases, irrespective of intensity.
